Abstract-Defects located at the E C -1.1 (eV) level, which are electro-optically active deep traps, generally have been overlooked since their presence cannot be detected except for those in highly resistive CdTe compounds. The origin of this trap is still debated on whether it is from Te vacancies or from dislocations induced by secondary phase defects in Te. We have grown high-resistivity Te-rich CZT ingots to clarify the origin of the 1.1 eV defects and to analyze the defect levels in the CZT samples by current deep level transient spectroscopy (I-DLTS)and photoluminescence (PL). From the analysis, defect levels such as shallow acceptor/donor, A-centers, Cd vacancies and Te antisite appeared to be in both high and low concentrations of Te inclusions, but the level of 1.1-eV defects exhibited dependence on the density of Te inclusion in the CZT samples. We also evaluated the effect of the 1.1-eV deep-level defects on the detector's performance in point view of carrier trapping and de-trapping.
I. INTRODUCTION

I
N the steady state, Shockley-Read-Hall (SRH) theory describes the processes of trapping, de-trapping, and recombination via localized centers [1] . The SRH theory derives a relation between the capture and emission rates based on the principle of detailed balance in thermal equilibrium which requires equal rates of capture and emission for both electrons and holes within several trap levels. There are several known defects in CZT, such as Cd vacancies, A-centers, and Te anti-sites. The deep-level defects control the semiconductor's electrical and charge-transport properties at concentrations well below the detection limits of standard mass-spectroscopic techniques i.e., below a few parts per billion (ppb). These concentrations are very low in comparison to several other impurities in the crystals or with the intentionally introduced concentrations of dopants; however, the capture cross sections are several order of magnitude different.
Typically, the levels of defects and impurities differ depending on their position in the ingots, so CZT detectors sliced from different positions in the ingot will have different electrical and optical properties. In this paper, we selected two representative CZT samples, one with low concentrations of Te inclusions and another with high concentrations, using two non-destructive tools, contact-less resistivity measurements (COREMA) and infrared (IR) transmission spectroscopy. Current deep level transient spectroscopy (I-DLTS) measurements were used to measure the trap levels in the CZT samples. The method is a very powerful technique for analyzing carrier traps in semi-insulating materials.
The 1.1-eV level detected by the photo-induced current transient spectroscopy (PICTS) and cathodoluminescence (CL) has been found in the CdTe, CdTe:Cl, and CdZnTe [2] - [4] . Also, 1.1 eV level observed in various CdTe compounds such CZT and CdMnTe (CMT) independent of doping, this indicates that it may be either due to an omnipresent residual impurity or an intrinsic defect. However, the origin of 1.1 eV was attributed as Te vacancies until now without other evidence on it [5] . Previously, we correlated the 1.1-eV defect level to the dislocations induced by Te secondary-phase defects [6] . Here, we provide further convincing evidence for the origin of these 1.1-eV levels.
II. EXPERIMENTS
CZT ingots were grown by the Bridgman method from a melt mixture of CdTe (6N) and ZnTe (6N), along with 2 atomic percentages excess Te, and indium dopants for compensation. The typical growth rate of the ingots was 6 mm/day, and the interface temperature gradient was 10-15 • /cm. The asgrown ingot was sliced along its growth direction and then was chemically polished with 2% bromine in ethylene glycol. The resulting CZT slab was 2.5-cm wide, 6.5-cm long, and 5-mm thick (Fig. 1) .
The density of Te inclusions in the CZT slabs was measured by IR transmission microscopy. The IR transmissionmicroscopy system was comprised of a large field-ofview (FOV) microscope objective, a CCD camera, motorized X-Y-Z translation stages, and a light source coupled with a wide-beam condenser to illuminate the samples [7] . We used 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the system to acquire one-, two-, or three-dimensional raster scans of a CZT crystal. The imaging setup collected stacks of images, each focused at a different depth in the crystal. An iterative algorithm identified the inclusions and evaluated their sizes. We selected 3 × 10 5 cm −3 of Te concentrations sample to label the high concentrations of Te sample. Incoherent twin regions stacked very high concentration of Te inclusions so 2-3 mm away from twin was free from Te inclusions. We chose one CZT sample for low concentrations of Te inclusions, that is, 7 × 10 3 cm −3 from near of twin area for comparison. The resistivities of whole CZT slabs was measured by contact-less resistivity measurement(COREMA).
To collect I-DLTS experimental data, we mounted the CZT detector on a cold finger, and took a base-line correction at room temperature. Then, we cooled the samples to 10 K, and next incrementally heated them in steps of 1 K up to 400 K. In a complete run from 10 to 400 K, we acquired about 390 data points, collecting the transients at each individual step. Traps were filled using an 822-nm laser. We controlled the trap filling time and the available time for the defects to de-trap from the charge carriers by employing a square pulse-signal with a pulse width and period of 2 ms and 1 s, respectively, which fixes the filling times and the maximum detrapping times from the traps. The I-DLTS signals, obtained Resistivities of CZT slabs measured by contactless resistivities measurement (COREMA). The left and right figures represent the first-tofreeze and last-to-freeze part of the CZT ingot, respectively. In the first-tofreeze portion, resistivities along the grain boundaries exhibit low values of 10 5 cm due to the heavily decorated Te inclusions. The average resistivity of the CZT slabs is 1-3 × 10 10 cm. The vertical line in the right figure is the fragmented line of the CZT slab.
from the transient currents, were plotted against the applied temperature using the Li model [8] .
Photoluminescence (PL) mapping was done for 2 × 1 mm 2 area at 4.2 K with 50-μm steps to reveal the 1.1-eV level distribution. He-Ne and Ti-sapphire laser with output power of 0.25-1 W were used for PL excitation. Detection of PL signal was done with HgCdTe, InSb, and cooled Ge detectors depending on the spectral range. Fig. 2(a) shows a stacked IR image of the same 1.0 × 0.5 mm 2 area and analyzed Te inclusions densities along depth and their distributions in size as shown in Fig. 2(b) and 2(c) . The average densities of Te inclusions in the CZT slabs were 3 ∼ 4 × 10 5 cm −3 as shown in Fig. 1 . The resistivities of whole CZT slabs was measured by contactless resistivity measurement(COREMA) shown in Fig. 3 . The average resistivities were 1-3×10 10 cm except for the areas containing grain boundaries appearing in the first region to freeze. Fig. 4 shows the I-DLTS signals obtained for low and high densities of Te inclusions in the CZT samples. The typical levels of defects in CZT detectors was a shallow acceptor/donor at a few meV, an A-center at 0.16 eV [9] , Cd vacancies at 0.32 eV [9] , and a Te antisite at 0.41 eV [10] , [11] . However, the 1.1-eV defect level was clearly distinguishable in the sample with high Te inclusion density [ Fig. 4(a) ]. Since the CZT ingots were grown with 2% excess Te, the possibility of generating Te vacancies was seen as very low. The densities of inclusions differed by more than 70-fold between the two CZT samples, indicating the likely association of the 1.1-eV defects with Te-inclusion-related defects (i.e., dislocations surrounding the inclusions).
III. RESULTS AND DISCUSSION
A dislocation or dislocation network likely forms when Te inclusions are solidified while cooling down the crystal [12] . Because the melting temperature of Te is low (441 • C), the Te inclusions are liquid droplets at higher temperatures. Since the thermal expansion coefficient of the Te is larger than that of the host CZT matrix, the large stress induced in the crystal during Te-inclusion solidification generates dislocations. Dislocation networks appear as dark spots in transmission electron microscopy (TEM) images; the spots are Te precipitates about 50 nm in diameter [12] . Unlike the Te inclusions generated at the crystallization interface, Te precipitates are formed during cooling. Excess Te atoms dissolved in the matrix at high temperature are not incorporated into the crystal as the temperature decreases during ingot cool-down. In other words, CdTe and CZT exhibit retrograde solubility of excess Te. Excess Te atoms form the small precipitates. If there are other defects in the crystals, the Te precipitates preferentially nucleate along them. Linear and planar defects, such as dislocations and grain boundaries, may also give rise to energy levels within the forbidden gap.
Trapping at deep levels causes the removal of the trapped charge from the charge cloud for the duration of the carrier transit time. As a result, the signal amplitude declines, and the photopeak displays a low-energy tailing. Ionized defects with a net charge are stronger traps due to the Coulomb attraction between the localized charge on the defect and the free carriers of the opposite sign. The apparent capture cross-section [13] of neutral defects is about an order-of-magnitude lower than that of the charged defects. The trapped state is the metastable state, and the trapped carrier recombines with free carriers of the opposite sign, or alternatively, the carrier escapes the trap by thermal excitation.
The simple consideration that the attraction potential of neutral point defects should not extend much over the range of the actual lattice distortion puts an effective capture radius on the order of approximately one lattice constant [14] :
This gives a capture cross-section for the neutral defect of about σ neutral ∼ 2.96 × 10 −15 cm 2 for both electron trapping on neutral acceptors, and hole trapping on neutral donors. The lattice constant of CZT (α czt ) is about 6.44˚A at Zn=10% for room temperature.
For charged point defects, the effective capture radius may be estimated by comparing the Coulomb energy of the singly charged defect with the thermal energy of the charge carrier [14] , which gives
and a capture cross section of σ single ∼ 4 × 10 −13 cm 2 at room-temperature for both electron trapping at positively charged donors and hole trapping at negatively charged acceptors.
We derived the maximum allowed deep-level concentrations to maintain sufficient charge transport for applications in radiation detectors by considering a minimum trapping time [15] . The trapping time is the average time that a free charge carrier can exist in the bands before trapping occurs. The electron lifetime relates to the capture rates as
where R c,n is capture rate for electrons, σ n is the capture crosssection of the unoccupied trap for electrons, v th is the thermal velocity for electrons, and N t is an unoccupied concentration of traps for electrons. The detrapping time of an electron can be calculated following equation [12] :
where N c is the density of states in the conduction band, and E t is the energy level of the trap. The trapping and de-trapping times of an electron for the 1.1-eV defect is 12.5 ps and 38.8 s, respectively. The electronics of a typical radiation detector operate on a time scale of the order of 1 μs, and the de-trapping time of the 1.1-eV defect is about 38 s, such that it significantly degrades the detector' performance in terms of the efficiency of charge collection. The de-trapping time of the trapped carriers depends on the level energy of the traps, their capture cross-sections, and the temperature. For example, deep traps with a high level of energy and low capture cross-sections are useful in prolonging the lifetimes of the carriers, but also will increase the de-trapping time. The trapped electrons will induce both polarization and an afterglow, particularly for high-flux X-ray irradiation [16] . The only way to minimize the effect of the 1.1-eV trap is to minimize the concentration of this defect. It is desirable that the amount of excess Te should be minimized during the growth of CZT, so to reduce the concentration of Te secondary-phase defects and corresponding dislocations.
Recent research on the effects of IR illumination on CZT [16] , [17] and the depolarization of CZT by IR illumination [18] revealed that IR light with a wavelength ranging between approximately 1000 nm (1.24 eV) and 1450 nm (0.85 eV) causes radiation-induced depolarization. Polarization observed in CZT is mainly due to the accumulation of space charge by photo-generated holes trapped at deep levels. The 1.1-eV defect below the conduction band is linked to an electron trap [4] , but the peak H6 of TEES data in Ref. [19] proves that it is a hole trap. The IR light energy (0.85 ∼ 1.24 eV) to remove the depolarization of CZT appears related to the 1.1-eV trap. More experiments with CZT detectors containing low concentrations of Te secondary-phase defects are needed to understand the origin of the polarization phenomena caused by the accumulation of space charge. Additional supporting data for the our hypothesis is photoluminescence (PL) mapping data for CZT sample as show in Fig. 5 . There is somewhat broad band over 1 ∼ 1.2 eV region centered on near 1.1 eV in actual PL measurement of CdTe compounds [20] , [21] . As shown in Fig. 5 , the integrated PL intensity is most strong in the grain boundaries region (marked as a red color in the figure) and most weak at the near of grain boundaries (marked as a blue color in the figure). Generally, grain boundaries contain high concentrations of Te-secondary phase defects i.e., Te inclusions and Te precipiates. So previously accepted hypothesis on the 1.1 eV level that the 1.1 eV level come from Te vacancies need to be revised.
IV. CONCLUSIONS
The present results provide more convincing data for the origin of the 1.1-eV traps that are commonly found in semiinsulating CdTe compounds. Two representative CZT samples having low-and high-concentrations of Te inclusions were prepared from CZT ingots that were grown by the Bridgman technique with excess Te. I-DLTS signals of the two CZT samples displayed nearly the same features at 0.16-, 0.32-, and 0.41-eV, except for the concentration of the 1.1-eV trap level. The present results corroborated our previous finding that the 1.1-eV trap originates from Te secondary phase defect-induced dislocations, instead of from Te vacancies. To remove the 1.1-eV trap or reduce its concentration, two potential solutions are suggested. One is to grow the crystal in near-stoichiometric conditions (atomic percent of Te is 50.04) to minimize the generation of Te inclusions. The second is to grow the crystal well below 900 • C to reduce greatly the Te precipitation due to retrograde solubility.
